A syndrome resembling carbon dioxide narcosis, which may be precipitated by the administration of oxygen to patients with advanced emphysema, has attracted increasing attention in recent years, although few reports on this subject have appeared in the literature (1) (2) (3) (4) (5) (6) (7) . A similar response to oxygen has been described by Marshall and Rosenfeld (8) in experimental animals anesthetized with barbiturates or morphine. Marshall and Rosenfeld's analysis provides a basis for understanding the phenomenon in man; in the presence of an increased level of carbon dioxide in the alveolar air and arterial blood, the respiratory center becomes adjusted to the high carbon dioxide pressure, so that carbon dioxide no longer dominates the chemical control of respiration. Such a loss of sensitivity to carbon dioxide in patients with advanced emphysema was demonstrated in 1920 by Scott (9) . In the presence of high levels of carbon dioxide and diminished responsiveness of the respiratory center, the principal stimulus to breathing arises from the effects of hypoxia on the carotid body and aortic chemoreceptors. When the stimulus is removed by relief of the hypoxia through oxygen administration, the driving mechanism is weakened or absent, and pulmonary ventilation falls.
The reduction of ventilation induced by oxygen administration results in further accumulation of carbon dioxide in the body, and since excessive levels of carbon dioxide not only fail to stimulate breathing but actually depress it (10) (11) (12) , the disease may proceed to a fatal outcome due partially at least to the depressing and narcotic effects of carbon dioxide.
The dilemma presented when an obviously cyanotic patient becomes apneic or almost apneic and comatose when given oxygen has been considered a difficult therapeutic problem. Various 1 Aided by a contract between the Medical Division, Chemical Corps, U. S. Army, and Harvard University.
recommendations have included the use of carbon dioxide-oxygen mixtures, and, more commonly, the use of relatively low concentrations of oxygen, in the range of 30 to 40 per cent. Evidence will be presented in this report that the prime need of such patients is the elimination of carbon dioxide by increased lung ventilation, and that restored sensitivity to carbon dioxide may be, at least in some patients, of lasting benefit.
Consideration of the use of mechanical aids to respiration in emphysema patients raises the question of the choice of method. There is no ideal method of treatment at this stage of the disease, as such patients are critically ill and understandably intolerant of any procedure which disturbs their already labored breathing. Since there is usually an element of airway obstruction in emphysema, it would be theoretically desirable to apply pressure to assist expiration and inspiration with the timing determined by and precisely dependent on the patient's own respiratory efforts. Such an apparatus, even if available, would have to be applied by a mask or hood; the difficulties encountered in obtaining the necessary tightness of fit for prolonged periods in such patients are often insurmountable.
An alternative method is to enclose the patient's body in a respirator, for the use of negative pressure around the body to assist inspiration and positive pressure around the body to assist expiration. The advantages of this method are that the head is free and that a wide range of pressures can be attained. The disadvantages are that the respirator attempts to set the rhythm of breathing, the patient must be recumbent, and nursing care is impeded. A theoretic advantage of the respirator is that a continuous positive pressure could be used within the tank, reducing the lung volume to a point where the inspiratory muscles could work more effectively.
This report describes the use of the body res- Pneumotachograms were recorded by the instrument described by Silverman and Whittenberger (13) . Residual air was measured by a helium dilution method (14) . Alveolar air carbon dioxide was measured by an Engelhard thermoconductivity meter after collection of alveolar air with an automatic sampling device (15 
RESULTS
The blood gas data in patient N. G. when he was semicomatose, before respirator treatment, are given in Table I The ventilation volumes and alveolar carbon dioxide during the pretreatment phase and during oxygen administration are given in Table II. Ventilation and alveolar pCO2 data during and after respirator treatment are summarized in Table III . The first measurements were made approximately 18 hours after respirator treatment was started; the high pCO2 in spite of the large minute volume can probably be explained by the fact that the patient "fought" the respirator, breathing rapidly and shallowly on his own (rate 47 per minute), thus having a relatively low rate of effective alveolar ventilation.
On the second day of treatment there was still Owing to poor co-operation by the patient, the vital capacity and residual air measurements obtained before artificial respiration therapy were regarded as valueless. A maximum breathing capacity of 36 liters per minute was obtained; this Figure 1 is a pneumotachogram from this patient. The expiratory pattern of air flow is consistent with the presence of emphysema and some degree of obstruction. The irregularities early in the expiratory phase suggest active muscular effort; the prolongation of expiration and sharp fall to base line at the end of expiration suggest the presence of increased airway resistance, which slows flow and increases the amount of air retained in the lungs.
Since leaving the hospital this man progressed satisfactorily. Following a period of rest at home he returned to his job in a candy factory where he has now worked continuously for more than nine months. He is free of the headaches which were formerly a major symptom, and is able to climb a flight of stairs with only slight dyspnea.
The second patient (J. The patient was removed from the respirator on July 17, but did not maintain the above relatively satisfactory condition. In the course of the two following days the arterial pCO2 rose to 50 and then to 64 mm. Hg while the PO2 descended to 28 mm. Hg which gave a saturation of only 48 per cent on room air. The arterial-alveolar oxygen difference rose to 62 mm. Hg.
It is of interest that on. the first day out of the respirator the patient exhibited no diminution in breathing upon administration of 90 + per cent oxygen. Some 36 hours after leaving the respirator, the former response of diminution in breathing was again observed clinically, and this was confirmed the following day with more precise measurements.
The arterial pH, which was on the acid side of normal with the patient on room air before respirator treatment, became alkaline during residence in the respirator, but fell to normal following administration of chlorides to the patient. Coincident to the administration of chlorides, the patient appeared to breathe better with the machine.
DISCUSSION

Pathologic physiology
A decrease in ventilation during administration of oxygen appears to have been observed first by Mosso (18) who described such a depression in animals anesthetized with morphine and chloral; this work has since been extended by others (8, 19) . Beddard and Pembrey (20) and Campbell, Hunt, and Poulton (21) described a similar ventilatory response in some patients with pulmonary and cardiac disease.
Barach and Richards (22) described this respiratory response to oxygen in a patient in whom the arterial pCO2 rose from 48 to 67 mm. Hg during oxygen therapy. Similar results have been reported by Berconsky (23) , Barach (24) , Taquini and co-workers (25) , and by Baldwin, Cournand, and Richards (5). Barach (2) has noted the ill effects of oxygen upon certain patients with emphysema and has recommended a gradual increase in percentage of inhaled oxygen. Andre (3) reviewed "apnea produced by oxygen" and concluded there was a case to be made for a multiple therapy including oxygen, carbon dioxide, analeptics, and artificial respiration provided the combination did not overtax the patient! Donald (6) has observed a patient with emphysema and heart failure who deteriorated into coma during oxygen therapy while the arterial pCO2 rose rapidly to 120 mm. Hg. After withdrawal of oxygen the pCO2 value fell rapidly and his general condition improved. Comroe, Bahnson, and Coates (7) reported eight patients with emphysema and chronic hypoxia who deteriorated mentally when given oxygen. An increase of pCO2 and a diminution in ventilation were accompanying features. All these patients initially had a pCO2 of 50 mm. Hg or over and the phenomenon was seen in about half the patients who were found to have a pCO2 in excess of 50. In two of these subjects, 10 per cent carbon dioxide was administered for sufficient time (five minutes) to raise the arterial pCO2 higher than it had been raised by the diminution in ventilation in response to oxygen; nevertheless, they did not become sleepy. Comroe rightly suggested that further observations would be required to determine the role of carbon dioxide narcosis.
Davies and Mackinnon (26) observed that a rise in cerebrospinal fluid pressure accompanied the phenomenon of diminished ventilation and described a similar rise when carbon dioxide was inhaled. Papilledema has been described in some patients with advanced emphysema (27) .
Thus it is well established that a small proportion of patients with advanced emphysema have carbon dioxide retention and that when the partial pressure of carbon dioxide exceeds 50 mm. Hg the administration of oxygen may affect the patient adversely. Deterioration is associated with a rising pCO2 and elevation of cerebrospinal fluid pressure. Recognition of the syndrome depends upon evidence of advanced emphysema and in addition these special tests: a lowered arterial oxygen saturation, a high value for carbon dioxide tension in the arterial blood and alveolar air, a diminution in ventilation and rise in pCO2 when oxygen is administered, and a poor ventilatory response to carbon dioxide.
It is not fully known how such emphysematous patients progress to the state of severe retention of carbon dioxide, but one likely factor is the element of airway obstruction present in many such cases.
Some features of the pneumotachograph pattern of emphysema patients may be simulated by placing an obstruction in the airway of a normal subject; under these circumstances the work of breathing is plainly greatly increased.
Davies, Haldane, and Priestly (28) demonstrated the effect of anoxemia upon fatigue and failure of the respiratory center when there is resistance to breathing; they observed a rise in carbon dioxide tension during resistance breathing. This finding has been examined further by Cain and Otis (29) who remark that retention of carbon dioxide during resistance breathing indicates a compromise by the body; "the body tolerates some rise in carbon dioxide tension in preference to expending the effort that would be required to keep it at the original level." It is interesting to speculate whether pulmonary infections may contribute to the retention of carbon dioxide by diminishing muscular power, by increasing the work of breathing, or by reducing the sensitivity of the respiratory center.
Physiologic basis of therapy
The therapeutic objectives in cases of carbon dioxide retention are primarily three, to reduce the arterial pCO2 to normal levels by promotion of adequate ventilation, to maintain this level of ventilation long enough for the patient to adjust to the altered level of carbon dioxide, and to encourage him to maintain this increased ventilation.
Although in many emphysematous patients it may not be difficult to increase the ventilation greatly, it is advisable to proceed cautiously and to approach gradually the level required to maintain a normal pCO2. In this way there is sufficient time to permit adjustment of acid-base balance and to permit re-acclimatization of the respiratory center.
Acclimatization of the respiratory center has been observed at high altitude. Douglas and coworkers (30) showed that after ascent from sea level to Pike's Peak (barometric pressure 460 mm. Hg), the pCO2 fell immediately from an average of 39.3 to an average of 33.6 mm. Hg, and the PO2 from 104.7 to 48.4 mm. Hg. After six days at the summit, the alveolar pCO2 fell to 29.1 mm. Hg, and the PO2 rose to 53.5 mm. Hg. Rahn and Otis (31) made similar observations upon subjects acclimatizing at 9,500 feet; they further demonstrated, by means of breath-holding tests and carbon dioxide inhalation, an increased sensitivity of the center to carbon dioxide after acclimatization. In addition, the breathing of high oxygen mixtures caused no immediate change in the alveolar pCO2 and consequently no decrease in ventilation. Houston and Riley (32) found that subjects acclimatized to 22,000 feet maintained for four days a raised ventilation and lowered pCO2 when returned to sea level. Brown and associates (33) observed changes in ventilatory responses to carbon dioxide after normal subjects had been overbreathed for 24 hours in a body respirator.
Adaptation of normal subjects to a high carbon dioxide environment has also been observed. Schafer (34) recorded the ventilation, pCO2, and pH in man during prolonged exposure to 3 per cent carbon dioxide. He noted a movement upwards of pCO2 and a diminution in sensitivity of the respiratory center; the latter was assessed by plotting ventilation responses to inhaled carbon dioxide and alveolar ventilation against pCO2. After an initial fall, the pH returned to normal levels. Otis (35) has investigated the impact on normal man of three days exposure to 3 per cent carbon dioxide. There was progressive inattention and listlessness and, following emergence, hypoventilation, a raised pCO2, and a diminished response to carbon dioxide, all of which gradually returned to normal.
Gray (36) has analyzed acclimatization on the basis of his multiple factor theory of respiration (37) . After considering and rejecting factors other than the three chemical agents, hydrogen ion concentration, pCO2 and PO2, he notes the tendency of the first and last of these three to return to normal and concludes that changes in sensitivity to pCO2 are most likely since the pCO2 remains at an abnormal level. He remarks that the respiratory mechanism adapts itself to a prolonged disturbance in the pCO2 level by changes in sensitivity of such degree as to restore a normal response to the abnormal level of pCO2.
There is no dispute that high partial pressures of carbon dioxide are narcotic. Carbon dioxide has been used as an anesthetic agent both in normal (38) and psychotic patients (39). Dripps and Comroe (40) described occasional stupor in normal men breathing 10.4 per cent carbon dioxide for three to four minutes. The narcotic level in those with an already raised resting pCO2 has yet to be measured.
Theoretically there is a case for an attempt to assist in the excretion of retained carbon dioxide and to hold the patient at a normal arterial carbon dioxide tension until adaptation of the respiratory center to this tension has taken place. In both these patients it was possible to reduce the arterial and alveolar pCO2 to normal by artificial respiration although the second patient (J. M.) co-operated poorly with the methods employed. In the case of N. G. the lowered pCO2 was maintained by his own efforts. Inhalation of 5 per cent carbon dioxide 11% months later produced increments in ventilation and there was no longer a diminution in ventilation when oxygen was administered. Arterial oxygen saturations observed in the follow-up period were 92 per cent, compared with the 82 per cent seen in 1947. In the case of J. M., the lowered pCO2 level was not maintained by his own efforts.
The first day after his period of artificial respiration there was no appreciable diminution in ventilation when oxygen was given; on the second day the pCO2 had risen and the oxygen diminution response was again seen.
The reasons for success of respirator treatment in one patient and failure in the other are not wholly clear. In the patient who later died, the level of carbon dioxide concentration was not nearly so high, and therefore contributed less to the total picture; the degree of cardiac and renal failure was pronounced and probably accounted for the fatal termination. Both patients were almost moribund when placed in a respirator. The one who eventually recovered was convinced, during relatively rational periods, that he was going to die and that the respirator would be to no small extent responsible. Nevertheless, the therapy was not given up, and eventually the remarkable improvement took place. It appeared likely, but could not be proved, that the change in carbon dioxide levels accounted for the dramatic reversal of the disease picture. It was, furthermore, expected that regression would soon occur; such was not the case although the patient received no breathing exercises or any further mechanical assistance. There were no significant changes in physical signs in the chest, in chest roentgenograms, or in pulmonary volume subdivisions. The long-lasting symptomatic improvement has appeared to be simply the result of an increase in pulmonary ventilation sufficient to maintain nearly normal gas exchange. In the case of N. G. other possible causes of, or contributions to, his dramatic recovery have been considered. Pulmonary infection could not be definitely identified or ruled out, but was regarded as not a significant factor since the patient received substantial daily penicillin therapy throughout his hospital stay, the body temperature and erythrocyte sedimentation rate before and after respirator therapy showed no significant variation, and chest radiographs before and after respirator treatment showed no significant change. There was no evidence of pulmonary edema immediately prior to respirator treatment.
Amphetamine sulphate was administered daily between February 17 and March 29, 1950 . This substance has been-shown to be a mild respiratory and metabolic stimulant (41, 42) , but termination of its use in this patient had no noticeable effect. SUMMARY 1. A study of two patients with emphysema and carbon dioxide retention showed diminution of ventilation and elevation of pCO2 upon administration of oxygen, and no increment in ventilation when a mixture of 5.25 per cent carbon dioxide in oxygen was breathed.
2. Increase in lung ventilation brought about by use of a body respirator reduced the pCO2 to normal values in both subjects, while the arterial PO and oxygen saturations were markedly raised above previous levels.
3. Subsequent to respirator treatment one patient has for 12 months maintained his pCO2 at normal levels, and his responses to administration of high oxygen or carbon dioxide mixtures have been characteristic of the response of normal individuals. The other patient showed no diminution in ventilation while breathing oxygen in the immediate post-respirator period, but the improvement was very short in duration.
4. More impressive than the biochemical response in patient N. G. was the clinical improvement which immediately followed the respirator treatment. After more than three years of severe headaches and marked exertional dyspnea, he became free of headaches and noted respiratory distress much less frequently. He returned to work, and at the present time has been at his job continuously for over nine months.
